The main features of the deep structure of the Gorringe Ridge are analysed on the basis of gravity and magnetic measurements, as well as seismic profiles, drill holes, rock dredges, submersible observations and seismicity data. The gravity and magnetic models of the Gettysburg and Ormonde seamounts, which form the Gorringe Ridge, suggest that the Moho is approximately flat and the upper part of the ridge corresponds to a northwestwards vergent fold. This structure is the result of a northwestward vergent thrust that deformed the oceanic crust, with a minimum slip of approximately 20 km. The activity of the thrust probably started 20 Myr, and produced the recent stages of seamount uplift. The seamount is mainly composed of gabbros of the oceanic crust, serpentinized rocks and alkaline basalts. The large antiform, located in the hangingwall of the thrust, is probably deformed by minor faults. This oceanic ridge is a consequence of the oblique convergence between the African Plate and the overlapping Eurasian Plate.
I N T RO D U C T I O N
The Eurasian-African plate boundary, between the Azores triple junction and the Gibraltar Strait, shows a tectonic regime that changes from transtension in the west to transpression in the east, with strike-slip motion in its central segment at the Gloria Fault (Fig. 1) . Seismology reveals that while westwards of Gorringe Ridge the plate boundary is located in a narrow zone, eastwards from this area, the plate boundary deformation spreads over a much broader region, more than 300 km wide ( Fig. 1) (Griminson & Chen 1986; Jimenez-Munt et al. 2001) . Plate motion calculations (Argus et al. 1989; Kazmin et al. 1990; DeMets et al. 1994) indicate, moreover, that in the Gorringe Ridge area, the African and European plates are converging at a relative rate of 0.25-0.42 cm yr −1 along a N145
• E vector.
The Gorringe Ridge drill site 120 (Ryan et al. 1973) , the four holes of Bavenit (Matveenkov et al. 1993 ) and the bottom sampling and submersible observations (CYAGOR Group 1982 , 1984 Sborchikov et al. 1988; Verzhbitsky et al. 1989; Matveenkov & Al'mukhamedov 1994 Girardeau et al. 1998) (Fig. 2) clearly show the basic and ultrabasic composition and the oceanic nature of the rocks in this area. Most authors also agree that the Gorringe Ridge oceanic crust was formed in an extensional setting during the Early Cretaceous. Girardeau et al. (1998) point out that hightemperature and low-temperature shear zones deformed the peridotites and gabbros, producing interlayering of these rocks before the deposition of Cretaceous sediments. Le Gall et al. (1997) propose that a former Gorringe Ridge was formed at this time by upward arching of the crust. Sartori et al. (1994) and Le Gall et al. (1997) relate the present-day location of the Gorringe Ridge to a former transform discontinuity. Most of these authors (e.g. Sartori et al. 1994; Le Gall et al. 1997; Girardeau et al. 1998) agree that the Gorringe Ridge was deformed and amplified since Miocene times and suggest mechanisms that produce upward arching of the crust, such as folding of lithospherical size (Verzhbitsky et al. 1989; Bergeron & Bonnin 1991; Sartori et al. 1994; Le Gall et al. 1997; Girardeau et al. 1998; Hayward et al. 1999) or isostatic upward movement by serpentinization of peridotites (Girardeau et al. 1998) .
Some authors have proposed, in addition, that the present-day activity in the ridge results from a single reverse fault in the northwestern side (Srivastava et al. 1990; Hayward et al. 1999) or in the southeastern side (Morel & Meghraoui 1996) . Other authors, in contrast, indicate the existence of two conjugated reverse faults (Kazmin et al. 1990; Tortella et al. 1997) or a fault zone with a predominantly northward deformation front (Le Gall et al. 1997) .
The main objective of this study is to determine the deep structure of the ridge on the basis of the geophysical and geological data available for the area: gravity and magnetic fields, bottom topography, seismicity, seismic data, drilling and dredging data. The analysis of all of these data allows us to propose a new model for the recent development of the Gorringe Ridge. We also improve upon the knowledge of the present-day structure of this transitional region of the Eurasian and African plate boundary in the eastern central Atlantic, from a narrow to a widespread zone of deformation. Gall et al. (1997) and Hayward et al. (1999) . Dots indicate areas of distributed deformation. GF, Gloria Fault. GR, Gorringe Ridge. GS, Gibraltar Strait. BC, Betic Cordillera. RC, Rif Cordillera. Contour lines in km. Black arrow indicates the direction of shortening.
G E O L O G I C A L A N D G E O P H Y S I C A L S E T T I N G
The Gorringe Ridge is a SW-NE elongated elevation, rising approximately 5 km above the Horseshoe and Tagus basin plains (Fig. 2 ). The ridge is approximately 200 km in length and 80 km in width. It consists of two seamounts: the Gettysburg Seamount in the west, with a minimum depth of 40 m, and the Ormonde Seamount in the east, with a minimum depth of 60 m (CYAGOR Group 1982 , 1984 Kazmin et al. 1990) .
G1 G2
The petrologic composition of the Gorringe Ridge is heterogeneous, as shown by the available boreholes (Ryan et al. 1973; Matveenkov et al. 1993) and by samples collected from the sea bottom by dredging and by means of submersibles (Auzende et al. 1982; CYAGOR Group 1982 , 1984 Sborchikov et al. 1988; Verzhbitsky et al. 1989; Matveenkov & Al'mukhamedov 1994 Girardeau et al. 1998) . On the steep southeastern slope of the Ormonde seamount an ophiolitic association is exposed (Fig. 2) . Alkaline basalts, trachytes and phonolitic lavas are recognized near the top of the seamount and on the lower part of the slope. In the depression between the two seamounts, the upper part of the section is made up of 246 m of Early Cretaceous to Pliocene sediments, below which metabasalt and metagabbro are found, representing part of the igneous oceanic crust (layers 2 and 3) (Ryan et al. 1973) . The top of the Gettysburg Seamount consists of serpentinized rocks of the upper mantle, represented principally by harzburgites (Matveenkov et al. 1993; Sborchikov et al. 1988) . Gabbros were also obtained in the lower part of the seamount (CYAGOR Group 1982 , 1984 .
Absolute K-Ar age determinations on gabbros dredged from the slopes of the Gettysburg Seamount give values of 135 ± 3 Ma (Prichard & Mitchell 1979; Prichard & Cann 1982) Figure 3. Representative NW-SE section crossing the Gorringe Ridge at the depression between Gettysburg and Ormonde seamounts (simplified from Sartori et al. 1994) . (Féraud et al. 1986 ). The age of the volcanics on the top of the Ormonde Seamount is 60-67 Ma (Féraud et al. 1982 (Féraud et al. , 1986 Matveenkov & Al'mukhamedov 1994 . The change from deep sea facies of sediments to shallow water facies in DSDP site 120 began approximately 20 Ma (Ryan et al. 1973) . Multichannel seismic profiles crossing the Gorringe Ridge show the structure of the sedimentary layers and the Moho in the Horseshoe Basin (Sartori et al. 1994) , but the deep structure of the ridge is not well observed (Fig. 3) . The sedimentary layers in the Tagus Basin have a thickness of up to 1-2 km. These deposits locally dip gently towards the northwestern flank of the Gorringe Ridge (Hayward et al. 1999) . Seismic refraction profiles have shown that the oceanic crust is at least 8 km thick in the Tagus Basin (Purdy 1975) . At the southern boundary of the basin there is a large olistostrome body within the Miocene sedimentary sequence, possibly related to the seamount development (Sartori et al. 1994; Hayward et al. 1999) . The sedimentary sequence in the eastern Horseshoe Basin exceeds 3 km. The oceanic basement and the sedimentary cover are deformed by southward and northward vergent reverse faults found throughout the Horseshoe Basin (Sartori et al. 1994; Tortella et al. 1997) .
In the southern Gorringe area there are also active faults, probably with subvertical surfaces, deforming up to the recent sediments and having a minimum slip of 100 m (Moskalenko & Kogan 1995) . On the basis of refraction data, the depth of Moho is approximately 14 km (11 s TWT) below sea level in the Horseshoe Basin (Purdy 1975) . The ridge seems to overthrust the Tagus Basin by faults that produced large offsets of the top of the igneous crust (Bergeron & Bonnin 1991; Sartori et al. 1994) . These structures are responsible for the asymmetry of the Gettysburg Seamount, with northern vergence.
The epicentres are concentrated around the top and the northern slope of the Gorringe Ridge (Fig. 4) . Most of the earthquakes are shallow, with their depth generally not exceeding 45 km, except for two intermediate earthquakes (approximately 60-70 km) located in the Tagus Basin near the footstep of Gorringe Ridge (Souriau 1984) ; an isolated hypocentre approximately 206 km deep has been detected in this area (USGS database 2001). Most of the focal mechanisms in the Gorringe area (Griminson & Chen 1986 Buforn et al. 1988) show the region to be under NW-SE compression, with active strike-slip and reverse faults. In the Horseshoe Basin, however, strike-slip earthquake mechanisms with NE-SW compression trends are also found.
Distribution of the free-air anomalies obtained by satellite altimetry data of the Geosat and ERS-1 (Fig. 4) (Sandwell & Smith 1997) also highlight the main structures of the area. Gravity models developed for the Gorringe Ridge suggest that Moho depths are quite variable (Souriau 1984) , and most of them consider an uplift of mantle rocks located directly below the ridge (Purdy 1975; Souriau 1984; Bergeron & Bonnin 1991; Hayward et al. 1999) . In contrast, the model proposed by Souriau (1984) , following the interpretation of Le Pichon et al. (1970) of a nascent subduction with successive southward and northward vergence and an anomalous mantle located below the ridge, leads to an increase in the Moho depth to approximately 17 km.
The magnetic field is characterized by local high-intensity shortperiod anomalies, with a span of up to 600 nT and horizontal gradients of more than 100 nT km −1 , and some dipole-like anomalies (Fig. 5) . The dipoles in the Ormonde Seamount are more intense than those of the Gettysburg Seamount. The main magnetic anomalies above the Gettysburg seamount are directly associated with massive outcrops of serpentinites (Verzhbitsky et al. 1989) , which have a high remanent magnetization of up to 20 A m −1 and an average value of 3.2 A m −1 . The Königsberger ratio for these rocks ranges between 1 and 17. The geochemistry and petrology of the alkaline basalts are well established by Girardeau et al. (1998) . The basalts dredged on the slopes of the Ormonde Seamount down to the 5000 m isobath have high remanent magnetization (1.9-14.7 A m −1 ) and a Königsberger ratio of 3.7-72, and are associated with the intense magnetic anomalies above the seamount.
Serpentinites were drilled by the research vessel 'Bavenit' in drill sites 4 and 5, situated on the Gettysburg Seamount (Fig. 2) . The 34 determinations of paleoinclination indicate the existence of a main mode around 0
• . The average values for remanent magnetization of drilled specimens are approximately 4.2-4.3 A m −1 , and the Königsberger ratio exceeds 40 (Verzhbitsky et al. 1989; Popov et al. 1999) .
G R AV I T Y A N D M A G N E T I C M O D E L S
Two gravity profiles were modelled through the main seamounts (Fig. 4) : Gettysburg, profile G1 and Ormonde, profile G2. These seamounts have very well-developed elongations, and 2-D models represent the main features of their deep structure. The models are derived from the free-air gravity anomalies, and their geometry is also based on available seismic data for the areas described above (Fig. 3) . Seismic refraction data further constrain the depth of the Moho and the mean sediment thickness in the Tagus and Horseshoe basins (Purdy 1975) . The main crustal structures below the ridge, however, are unknown from these previous studies.
We propose simple models for the region, using density values based on the mean densities of rocks forming each one of the main bodies (Telford et al. 1990 ) and on the drill data. The densities considered in the two models are: sea water (1.03 g cm −3 ), sediments (2.35 g cm −3 ), layer 2 of oceanic crust (2.72 g cm −3 ), layer 3 of oceanic crust (2.95 g cm −3 ) and mantle (3.32 g cm −3 ). Layer 3 of oceanic crust in this region is considered to consist of gabbros and mixed peridotites, sometimes serpentinized, which were structured before the Mid-Cretaceous (Girardeau et al. 1998) . The alkaline basalts differentiated in magnetic modelling of the Gorringe Ridge are integrated in layer 3 for gravity modelling, taking into account the similar density of these rocks.
The Moho depth below the Tagus and Horseshoe abyssal plains, has been determined as 13.5-14 km, and modelling with a flat Moho below both the Gettysburg and the Ormonde seamounts is compatible with the observed gravity anomaly (Fig. 6) . The Gorringe Ridge would be formed by the uplift of the crystalline basement of oceanic crust. The structure of the ridge is asymmetrical, and, according to Girardeau et al. (1998) , the anomalous bodies approximately follow the sea bottom topography. The sediment thickness, 1 km thick on the northwestern slope of the ridge, increases northwestward towards the Tagus Basin. The sediments on the southern slope are practically absent from the top of the ridge to water depths of 3.5 km.
Calculations of mass load anomaly derived for the gravity models clearly indicate that the area of non-isostasy compensation does not exceed 80 km in width (Fig. 6) , although anomaly values are variable in this area and the region of maximum values is approximately 20 km in width. The anomalous load of the Gorringe Ridge for the two profiles is approximately 1.1 × 10 7 kg m −2 . The mass anomaly values are steeper for the northern slope.
Three magnetic models were calculated on the basis of the magnetic anomalies observed over the Gorringe Ridge area (Fig. 7) . All three models have a NW-SE trend, orthogonal to the ridge elongation, though not located in the same transects of the gravity models. Models in 2.5 dimensions, taking into account the length of anomalous bodies orthogonal to the profile, were developed for the main magnetic dipoles (Figs 5 and 7) .
The present-day magnetic field of the region has total intensities of approximately 42 000 nT, declination of -7
• and inclination of 51
• . The magnetic models are developed allowing for remanent magnetization, bearing in mind the high Königsberger ratios for most of the dredged and drilled rocks of the area (Verzhbitsky et al. 1989; Popov et al. 1999 ). In the Gettysburg seamount (models M1 and M2, Fig. 7 ) the magnetic properties of drilled rocks indicate an inclination of remanent magnetization near 0
• . In addition, the dipole has an approximate N135
• E orientation, and the drilled rocks show mean remanent magnetization of 4.2-4.3 A m −1 . These data were incorporated into our magnetic models. The dredged serpentinites from the Ormonde seamount are more weathered, however, and have lower remanent magnetization. Alkali basalts-mainly phonolites-constitute the top of the seamount, with remanent magnetization between 1.9 and 14.7 A m −1 . Although the trend of the dipole is also NW-SE, there are no direct data on the magnetic inclination of these rocks. Considering the age of 60-67 Ma for these rocks (Féraud et al. 1986; Matveenkov & Al'mukhamedov 1994 and the paleogeographic maps of Dercourt et al. (1993) for this time period that indicate a roughly 25
• N latitude for the Gorringe Ridge, the dipole field inclination can be estimated at approximately 45
• . This value for inclination was used to determine the remanent magnetization in model M3 (Fig. 7) .
Models M1 and M2 of the Gettysburg Seamount consider a body that has a 4 A m −1 magnetization and a half-length of 2 km (Fig. 7) . The magnetization of the body is equivalent to that of the drilled serpentinites. In both profiles the anomalous body is elongated, with low dips. The body crops out in the southern part of the ridge and has an irregularly shaped bottom. On the northern slopes it is located approximately 1 km below the relief. The general shape of the body is asymmetrical, similar to the bathymetric profile. The dip is greater on the northern slopes. This geometry may correspond to a folded layer of serpentinites with northern vergence, probably cut by many faults, thereby producing the irregular bottom.
Model M3 of the Ormonde Seamount takes into account an 8 A m −1 remanent magnetization and a 2 km half-length for the anomalous bodies. The value of magnetic remanence is approximately in the middle of the range of values determined for alkaline basalts (Verzhbitsky et al. 1989) . This body, with a thickness that reaches 700 m on the top of the seamount, approximately follows the bottom relief and may constitute a folded layer in the seamount, probably made up of basalts.
D I S C U S S I O N
The gravity model of Hayward et al. (1999) , located along a profile on the Ormonde Seamount, implies the emplacement of a body of mantle rocks below the Gorringe Ridge, some 6 km deep and 25 km wide. The intrusion is characterized by very steep walls and nearly vertical Moho slopes, rising from 12 to 14 km in depth, which are difficult to interpret geologically. In contrast, our two gravity profiles (G1 and G2, These data support our model of a nearly flat Moho in the area, with a mean depth of approximately 13 km. Our interpretation also contrasts with the model of Bergeron & Bonnin (1991) , who propose an upward arching of the Moho below the Gorringe Ridge undulated on a regional scale, with the final stage of the model proposed by Le Gall et al. (1997) , and with the model proposed by Souriau (1984) . Although the latter model considers Gorringe Ridge to be the result of overprinted thrust structures, it requires the presence of an anomalous mantle and irregular Moho beneath the ridge.
The deep structures of the two seamounts have similar features in our models. Layer 3 is thicker in the seamounts than in the basins (Fig. 8) . This geometry is produced by recent deformations and, at least partially, by the interlayered gabbros and peridotites with variable degrees of serpentinization which, according to submersible observations, were formed during the initial stages of the oceanic crust development (Girardeau et al. 1998) . Moreover, the thickness of the body mainly corresponding to layer 3, appears to have been enlarged by the addition of alkaline basalt flows. As the gravity models do not allow us to specify the geometry of the interlayered rocks, they are considered as a single anomalous body. The low-density body (profiles G1 and G2, Fig. 6 ) as well as the low-magnetized body (profile M1 and M2, Fig. 7 ) located in the northern slope correspond to the olistostroms detected in this area by seismic profiles (Sartori et al. 1994; Hayward et al. 1999) .
Although the Gorringe Ridge is considered to have developed since the Cretaceous (Le Gall et al. 1997) , the present-day structure may be mainly related to the recent (since Miocene) deformation. The magnetic models suggest that the structure of the upper part of both the Gettysburg and the Ormonde seamounts consists of a largescale antiformal, north-vergent fold that evokes the fold proposed by Le Gall et al. (1997) . However, the observed gravity profiles can be modelled using an approximately flat Moho below the seamounts. This geometry may be formed by the development of the northwestward thrust, deforming the oceanic crust of the Gorringe Ridge (Fig. 8) , which folded the layers of serpentinites included in the oceanic crust and the alkali basalt body. These structures create the present-day bathymetry of the area. Although it is possible that a backthrust deformed the base of the southern slope, as proposed by Kazmin et al. (1990) and Tortella et al. (1997) , the gravity models suggest that backthrust development has only limited importance.
In our models of the Gorringe Ridge area, the African Plate overlies the Eurasian Plate. The most important active structure is a northwest early verging thrust plane dipping shallowly to the SE that may produce the seismicity observed in the Horseshoe Basin. Thrust dip should be low, and probably subparallel to the southern slopes, because steeply dipping reverse faults will cut the Moho at high angles, and may produce large local variations in Moho depth that are in contradiction with the results of the gravity models. According to the gravity models (Figs 6 and 8) , the thrust slip of the African Plate above the Eurasian Plate in the Gorringe Ridge area is approximately 20 km, although the fault surface has more than 80 km in length in the analysed sections. Given the relative motion of the two plates in this region described, for example, by the Nuvel 1A model of 4 mm yr −1 in a N120
• trend (DeMets et al. 1994) , and assuming whole plate boundary deformation concentrated in the thrust structure, it would have taken approximately 5 Myr for such a thrust structure to develop. However, the onset of uplift indicated by the shallow water sediments of site 120 is 20 Myr old (Ryan et al. 1973) . These data suggest that nearby structures may have also accommodated some part of the deformation of the plate boundary, for instance the thrusts located in Horseshoe Basin (Fig. 3) . The deformation is mainly concentrated in the Gorringe Ridge in recent times, however, as indicated by the seismicity distribution (Fig. 4) . There is no clear evidence of a Benioff zone related to subduction despite the compressive tectonics and the intermediate earthquakes occurring in the Gorringe Ridge area. The intermediate seismicity is probably related to heterogeneities that are not connected with the shallow structure determined by the gravity and magnetic surveys. The focal mechanisms with NW-SE extension or compression axes (Hayward et al. 1999 ) may be a consequence of the large fold that developed in the oceanic crust in association with the development of the seamount. Nevertheless, this topography is not necessarily compensated isostatically on a local level, as shown by the mass-load anomaly that features an 80 km wide area of mass excess (Fig. 6 ). In addition, this structure does not show downbending flexure, probably because it is active and uncompensated.
The plate boundary has a predominantly E-W orientation and a dextral transpressive character, highlighted by the earthquake focal mechanism (Griminson & Chen 1986 Buforn et al. 1988) . The development of the Gorringe Ridge includes northwestward thrusting of the African Plate over the Eurasian Plate, accompanied by the thrusting of a block belonging to the African crust. Thus, the E-W dextral transcurrent faults west of the Gorringe Ridge area are replaced by NE-SW-striking thrusts, orthogonal to the trend of compression, in a setting with a more variable local stress field.
C O N C L U S I O N S
The comprehensive analysis of available geological and geophysical information provides new insights as to the present knowledge of the African-Eurasian plate boundary in the Gorringe Ridge area. Gravity and magnetic models suggest that the Gorringe Ridge, comprising the Gettysburg and Ormonde seamounts, is the result of a northwest-vergent thrust that deformed the oceanic crust. This thrust is characterized by a gentle southeastward dip, a minimum slip of approximately 20 km, and an onset of activity approximately 20 Ma. Present-day seismicity in the Tagus Basin probably bears some relation with the prolongation in depth of this thrust. The hangingwall of the thrust is made up mainly of gabbros of oceanic crust and serpentinized rocks, structured in Early Cretaceous, and alkaline basalts. The seamount slopes are covered by a thin layer of sediments, sometimes with outcrops of the crystalline rocks.
Magnetic models show that the internal structure corresponds to a large antiform, most likely deformed by minor faults, that folded the serpentinite and alkaline basalt bodies. This antiform would have developed simultaneously with the thrust structure, as a consequence of the oblique convergence between the African and Eurasian plates. The Gorringe Ridge, located in the area of transition from a sharp westward to a diffuse eastward plate boundary, stands out as an interesting example of tectonic oceanic seamount development.
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